BACKGROUND: Accurate gestational dating is a critical component of obstetric and newborn care. In the absence of early ultrasound, many clinicians rely on less accurate measures, such as last menstrual period or symphysis-fundal height during pregnancy, or Dubowitz scoring or the Ballard (or New Ballard) method at birth. These measures often underestimate or overestimate gestational age and can lead to misclassification of babies as born preterm, which has both short-and long-term clinical care and public health implications. OBJECTIVE: We sought to evaluate whether metabolic markers in newborns measured as part of routine screening for treatable inborn errors of metabolism can be used to develop a population-level metabolic gestational dating algorithm that is robust despite intrauterine growth restriction and can be used when fetal ultrasound dating is not available. We focused specifically on the ability of these markers to differentiate preterm births (PTBs) (<37 weeks) from term births and to assign a specific gestational age in the PTB group. STUDY DESIGN: We evaluated a cohort of 729,503 singleton newborns with a California birth in 2005 through 2011 who had routine newborn metabolic screening and fetal ultrasound dating at 11e20 weeks' gestation. Using training and testing subsets (divided in a ratio of 3:1) we evaluated the association among PTB, target newborn characteristics, acylcarnitines, amino acids, thyroid-stimulating hormone, 17-hydroxyprogesterone, and galactose-1-phosphate-uridyl-transferase. We used multivariate backward stepwise regression to test for associations and linear discriminate analyses to create a linear function for PTB and to assign a specific week of gestation. We used sensitivity, specificity, and positive predictive value to evaluate the performance of linear functions. RESULTS: Along with birthweight and infant age at test, we included 35 of the 51 metabolic markers measured in the final multivariate model comparing PTBs and term births. Using a linear discriminate analysesderived linear function, we were able to sort PTBs and term births accurately with sensitivities and specificities of !95% in both the training and testing subsets. Assignment of a specific week of gestation in those identified as PTBs resulted in the correct assignment of week AE2 weeks in 89.8% of all newborns in the training and 91.7% of those in the testing subset. When PTB rates were modeled using the metabolic dating algorithm compared to fetal ultrasound, PTB rates were 7.15% vs 6.11% in the training subset and 7.31% vs 6.25% in the testing subset. CONCLUSION: When considered in combination with birthweight and hours of age at test, metabolic profile evaluated within 8 days of birth appears to be a useful measure of PTB and, among those born preterm, of specific week of gestation AE2 weeks. Dating by metabolic profile may be useful in instances where there is no fetal ultrasound due to lack of availability or late entry into care.
Introduction
Accurate gestational dating is a critical component of obstetric and newborn care. During pregnancy, gestational age informs the scheduling and management of clinical visits and laboratory testing, determination of the appropriateness of fetal growth, management and timing of delivery, evaluation of the pregnancy as being at risk for preterm and/or postterm delivery, and the application of interventions including, for example, the use of antenatal corticosteroids and magnesium for neuroprotection. [1] [2] [3] [4] In the newborn period, gestational dating informs critical decisions around resuscitation (particularly in newborns born around the limits of viability) and is essential for tracking growth and neurodevelopmental function. 5, 6 Accurate gestational dating is also important for establishing populationlevel rates of preterm birth (PTB). Measuring and tracking this rate across time is essential for establishing baselines and for resource planning aimed at reducing these outcomes and their associated burden within and across populations. While first-trimester ultrasound is recognized as the best method to establish gestational age for most pregnancies, ultrasound dating becomes less reliable as gestation progresses. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Prenatal ultrasound dating is also available only in sites with the resources to purchase the equipment and hire trained technicians. As such, prenatal ultrasound is not available in some rural and low-and middle-income country settings. 19 In the absence of early ultrasound, many clinicians rely on last menstrual period (LMP) for gestational dating. LMP can be unreliable given that a number of factors can influence dating including poor recall, irregular cycle length, and bleeding in early pregnancy. 12, 16, 20, 21 Symphysis-fundal height (SFH) >20 weeks is also used for pregnancy dating, but is often inaccurate due to factors such as multiple pregnancy, maternal size, polyhydramnios and oligohydramnios, and fetal growth restriction. 19, 22 When no other measures of gestational dating are available (eg, fetal ultrasound, LMP, SFH), other measures Original Research ajog.org used for gestational dating at birth include the Dubowitz method (which incorporates 34 physical and neurological assessments), 23, 24 the Ballard method (which uses 6 physical and neurological measures taken within 30 and 42 hours of age), 25 and the New Ballard score (which uses an expanded list of features over the original Ballard method). 26 While all of these measures provide useful information when no other data are available, like with use of LMP and SFH, these methods have been shown to be less accurate when there is intrauterine growth restriction. [27] [28] [29] The recognized need for a reliable alternative gestational dating method in instances where there is no first-or second-trimester ultrasound has led to an increased focus on identifying new dating methods and proxies that can be used during pregnancy or at the time of birth. Recent years have seen a punctuated effort in this area with the initiation of a number of high-risk, high-reward projects funded through the Bill and Melinda Gates Foundation 30 and a recent call by the National Institutes of Health for more accurate tools to assess gestational age.
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In response to this call for newer dating methods, in this study we hypothesized that metabolic markers measured as part of routine newborn screening for treatable inborn errors of metabolism could be used to build a population-level metabolic dating algorithm that is robust despite intrauterine growth restriction. Specifically, we hypothesized that when considered in combination with newborn characteristics, metabolic markers would be able to differentiate PTBs (<37 weeks) from term births and to assign a specific gestational age within a margin of 2 weeks. If a metabolic dating tool were developed, it could be used broadly in high-income countries with existing newborn screening programs where no fetal ultrasound scan was done and could also be used by researchers and policy makers in other settings where newborn specimens are available for testing either retrospectively or prospectively to establish population-level baseline rates of PTB. Such a tool could gain further acceptance in countries without newborn screening through the use of miniature or hand-held mass spectrometers 32 or via the translation of findings into a clinical assay that does not require the use of a mass spectrometer.
While our hypothesis that markers used for newborn screening could also be used for gestational dating purposes is novel, the work is well supported by previous studies demonstrating that many of these routinely collected markers (eg, acylcarnitines, amino acids, thyroid-stimulating hormone [TSH] ) are related to PTB and to week of gestation and have heritable components that are robust in small-for-gestational-age (SGA) infants. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] In the present study, we developed and evaluated a metabolic dating algorithm using a large and diverse sample of California newborns who had ultrasound dating between 11e20 weeks of gestation. We focused specifically on the capacity of markers to differentiate PTBs from term births and to assign a specific gestational age in the preterm group.
Materials and Methods
We evaluated whether biomarkers collected as part of routine newborn screening for treatable inborn errors of metabolism could be used to create a metabolic dating algorithm in a cohort of 729,503 singleton newborns born in California in 2005 through 2011. All of these newborns had routine metabolic screening performed through the California Newborn Screening program using a heel-stick blood draw between 12 hours and 8 days after birth. All babies had a mother who had ultrasound dating from 11e20 weeks of gestation, had a linked birth certificate and hospital discharge record, and were born at 22e44 completed weeks of gestation (sample selection included in Figure) . For study purposes, we randomly divided the final cohort into a training subset with 547,127 babies (75% of total) and a testing subset with 182,376 babies (25% of total). This division allowed for an unbiased estimate of model performance given that the testing set was not part of the sample in which the initial model was built.
Date of birth, birthweight, gender, and race/ethnicity were derived from the birth cohort files, which are linked birth certificate and hospital discharge files obtained from the California Office of Statewide Health Planning and Development. Age at testing in hours after birth, blood-spot analyte measurements, and information about whether the infant had been on total parenteral nutrition (TPN) between birth and the time of testing was obtained from newborn screening records. We were able to identify newborns with fetal ultrasound dating from 11e20 weeks of gestation by examining linked newborn and prenatal screening records. We computed days of gestation at birth by comparing the estimated date of delivery based on ultrasound findings in the prenatal screening records to the birth date on the linked birth certificate and hospital discharge records. In California, the prenatal and newborn 44, 45 All markers evaluated in the study were tested by the California Department of Public Health's Genetic Disease Laboratory as part of routine screening for treatable inborn errors of metabolism using dried blood specimens collected by heel-stick at birth hospitals from 12 hours to 8 days after birth. Free carnitine, acylcarnitines (C-2, C-3, C-3DC, C-4, C-5, C-5:1, C-5DC, C-6, C-8, C-8:1, C-10, C-10:1, C-12, C-12:1, C-14, C-14:1, C-16, C-16:1, C-18, C-18:1, C-18:2, C-18:1OH), and amino acids (alanine, arginine, citrulline, glycine, methionine, ornithine, phenylalanine, proline, 5-oxoproline, tyrosine, valine) were measured by standardized tandem mass spectrometry. TSH and 17-hydroxyprogesterone (17-OHP) were measured using high-performance liquid chromatography. Galactose-1-phosphate-uridyl-transferase was measured using a fluorometric enzyme assay. The study also utilized a number of ratios commonly used in screening (C-14:1/C-12:1, C-1/C-2, C-8/C-10, free carnitine/(C-16 þ C-18:1), arginine/ ornithine, citrulline/arginine, leucine/ alanine, leucine/isoleucine, ornithine/ citrulline, and phenylalanine/tyrosine). We transformed biomarker values and ratios using natural logarithms to normalize distribution across all markers.
Analyses first focused on evaluating the association among maternal characteristics, markers, and PTB in the training subset using simple bivariate logistic regression and related odds ratios and 95% confidence intervals (CI). We used multivariate backward stepwise regression for final model building with entry at P < .40 based on bivariate analyses and removal at P < .05. TPN was included in multivariate models regardless of observed P values given the demonstrated relationship between TPN and some markers tested as part of routine screening (eg, some acylcarnitines and amino acids) 40, 41, 46, 47 and our desire to identify markers with a robust association with gestational age despite TPN status. Characteristics and markers remaining in the final TPN-adjusted multivariate model were used to create a linear discriminate analysis (LDA)-derived linear function that we used to sort PTBs and term births. Markers were also leveraged to create an LDA-derived linear function for specific week of gestation in those identified as preterm. We evaluated the performance of the linear functions in both the training and testing subsets using sensitivity, specificity, and positive predictive values (PPVs) and their 95% CIs. We evaluated performance in all births and in subsets grouped as SGA (<10th percentile weight for gestational age), appropriate for gestational age (10the90th percentile weight for gestational age), and large for gestational age (>90th percentile weight for gestational age) based on published US norms. 48 Week-specific LDA-derived linear functions were evaluated by their capacity to assign week of gestation in those identified as preterm compared to ultrasound-dated week. We further examined the modeled rates of PTB based on the metabolic dating algorithm compared to ultrasound-dated week.
We performed all analyses using software (SAS, Version 9.3; SAS Institute Inc, Cary, NC). Methods and protocols for the study were approved by the Committee for the Protection of Human Subjects within the Health and Human Services Agency of the State of California (protocol no. 12-09-0702).
Results
The study cohort included 729,503 singleton infants (20.2% of the total population of singletons in these birth years [n ¼ 3,617,727]). This number represented those with ultrasound results and linked birth and hospital discharge records who had gestational age from 22e44 weeks ( Figure) . Race/ ethnicity and gender was similar to that of all births during this time period 49 wherein most newborns were Hispanic (47.1%) or non-Hispanic white (32.0%) with more male than female births (51.1% vs 48.6%). Nine in 10 newborns had newborn screening conducted within 3 days (Table 1) . ajog.org
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Along with a number of infant characteristics, 49 of the 51 metabolites and metabolite ratios measured were associated with PTB in crude logistic regression analyses (all except C-5DC and C-18) (Supplementary Table 1 ). Male gender, race/ethnicity, and 14 metabolic markers were removed from final multivariate logistic models using stepwise methods given P values >.05. Hour of age at collection, birthweight, and 35 metabolic markers were included in the final multivariate logistic regression model (Table 2) . When a LDA-derived linear function was built based on these training set multivariate logistic results, we found that these characteristics and markers were able to identify PTBs with >95% accuracy in the training and testing subsets ( Table 3) . Assignment of a specific week of gestation in those identified as preterm resulted in the correct assignment AE2 weeks in 89.8% of all newborns in the training set and 91.7% of newborns in the testing subset (Table 4) .
Our final metabolic dating algorithm relied first on sorting PTBs and term births using the LDA-derived linear function in Supplementary Table 2 , and then, assigning weeks of gestation to those identified as preterm using the linear function in Supplementary  Tables 3 and 4 . When this algorithm was tested against prenatal ultrasound at 11e20 weeks, we found that it calculated the incidence of PTB <37 weeks as 7.15% vs 6.11% in the training set and 7.31% vs 6.25% in the testing subset, the rate of PTB <32 weeks as 0.71% vs 0.53% in the training set and 0.71% vs 0.51% in the testing subset, and PTB 32e36 weeks as 6.44% vs 5.58% in the training set and 6.60% vs 5.74% in the testing subset (Table 5) .
Comment
Using birthweight, age at testing, and a number of the markers measured as part of routine newborn screening for treatable inborn errors of metabolism within 8 days of life (acylcarnitines, amino acids, TSH, 17-OHP, and Original Research OBSTETRICS ajog.org galactose-1-phosphate-uridyl-transferase), we were able to build a metabolic dating algorithm that was able to consistently sort PTBs from term births with approximately !95% sensitivity and specificity. Among newborns identified as preterm, we were able to assign a gestational week that was within 2 weeks of gestational age determined by ultrasound in about 90% of cases. PTB rates using metabolic dating were within a range of about 1% of those generated using ultrasound. While no other published study that we are aware of has used the combination of these markers for gestational dating, our findings are in agreement with other studies that have demonstrated an association between PTB and many of the individual biomarkers studied including those that have found that differences remain after accounting for SGA and feeding status. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] Like other investigators we observed significant differences between PTBs and term births in free carnitine 33, 39 ; short-, medium-, and long-chain acylcarnitines 33, [39] [40] [41] 43 ; amnio acids [39] [40] [41] 43 ; TSH 35, 37, 50 ; and 17-OHP. 47, 51, 52 Although it is unclear what specifically underlies the differences observed and why they appear useful for gestational dating, it appears that both etiological and maturational underpinnings may exist that are marker specific. For instance, 2 of the acylcarnitines (C-8:1 and C-18:2) included in the final predictive model have been shown to be associated with maternal preeclampsia in studies that have examined maternal serum during pregnancy and newborn bloodspots. 47, 53 Reasons for these associations have been hypothesized as being related to abnormalities in fatty acid oxidation in the mother, the baby, or both suggesting an etiological link. While other work has found that C-8:1 and C-18:2 are not as closely tied to specific gestational age among those born preterm, other acylcarnitines in our final model including C-4, C-5, and C-6 are. 34 This latter pattern suggests that these marker patterns may be more closely tied to maturation. Similar suspected links to fatty acid metabolism and maturation have been discussed at length with respect to other acylcarnitines and amino acids included in our final model as well as TSH and 17-OHP. 36, 38, [40] [41] [42] 44, 51, 52 For the most part, studies that have evaluated methods of dating absent ultrasound have focused on LMP and SFH during pregnancy 12, 16, [19] [20] [21] [22] and the Dubowitz, Ballard, and the New Ballard methods at birth. [23] [24] [25] [26] In general, all of AGA, appropriate (birthweight 10e90th percentile) for gestational age; CI, confidence interval;
LGA, large (birthweight >90th percentile) for gestational age; PPV, positive predictive value; SGA, small (birthweight <10th percentile) for gestational age.
a Based on Alexander et al. With LMP it appears that there is a tendency to date a pregnancy later, which then leads to a greater tendency to label a birth as being preterm 54 ; with SFH, the Dubowitz, and the older and New Ballard methods, underestimates often result and appear to be more closely tied to problems with dating when there is intrauterine growth restriction. 19, 22, [27] [28] [29] For example, in a recent study of all US birth certificates from 2012, Duryea and colleagues 54 found that use of LMP instead of ultrasound-derived best obstetric estimate led to an overall overestimate in the national PTB rate of >1.9% and overestimates of PTB rates in teenagers and non-Hispanic blacks of >3%. With respect to use of the Dubowitz, Ballard, and the new Ballard, studies have found that these measures tend to perform particularly poorly in babies born preterm with agreement with ultrasound AE2 weeks of as little as 55%. [27] [28] [29] The metabolic dating algorithm presented here appears to represent an improvement over dating by LMP, SFH, Dubowitz, Ballard, or the New Ballard given that it was able to identify babies born preterm with >99% sensitivity and specificity and had associated PTB rates that were within 1% of those determined using ultrasound measures. Further support for this assessment is demonstrated by its capacity to assign gestational age within 2 weeks in 90% of those identified as preterm. Such findings require careful replication, and it should be noted that even with replication, it is unclear how metabolic dating might be used. In the United States and developed countries, there would likely be opportunity to leverage these data in instances where ultrasound dating was not done given routine testing of these markers. Where the testing of the markers is already being done as part of routine newborn screening for treatable inborn errors of metabolism, translation could be accomplished, for example, at hospitals or clinics through an online application. It is also possible that this algorithm could be run routinely for all newborns through partnership with newborn screening programs. In lower resource settings where routine measurement is not done and where mass spectrometry technology is often not available, use of this algorithm might be more aptly used for retrospective baselining of PTB rates using banked serum specimens. Use of miniature or handheld mass spectrometers 32 or translation of findings into a clinical assay that does not require mass spectrometry could potentially lead to wider prospective use in those settings if the algorithms were found to replicate.
Important strengths of the present study include the use of a large and Tables 2 and 3 diverse sample of newborns who had fetal ultrasound dating from 11-20 weeks. Analyses also benefited from the availability of birthweight and gestational age, which allowed for the evaluation of performance in the face of intrauterine growth restriction. Both of these strengths should be considered in tandem with limitations. For example, while our sample was representative of the diverse race/ethnic makeup of all California births, it is possible that other factors like poverty, nutrition, and access to care could have affected access to an early ultrasound. Further follow-up in target populations is essential to assess performance. With respect to the strength of being able to look at patterns among the SGA group, it is important to note that while sensitivities and specificities were >95% across training and testing subsets, PPVs were around 66.0%. This finding means that about 33% of SGA term babies were wrongly coded as preterm when in fact they were term. This finding lends further support to the need for replication and suggests a need to work toward even better performance.
Conclusion
In combination with birthweight and hours of age at test, metabolic profile evaluated within 8 days of birth appears to be a useful measure of PTB and, among those born preterm, of specific week of gestation AE2 weeks. Dating by metabolic profile may be useful in instances where there is no dating by prenatal ultrasound due to lack of availability or late entry into obstetric care. n SUPPLEMENTARY 
